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ABSTRACT: Although clays are crucial mineral phases in 
Earth’s weathering engine, it is unclear how they form in surface 
environments under (near-)ambient pressures and temperatures. 
Most synthesis routes, attempting to give insights into the plausi-
ble mechanisms, rely on hydrothermal conditions, yet many geo-
logical studies showed that clays may actually form at moderate 
temperatures (< 100 °C)  in most terrestrial settings. Here, we 
present the mechanism of the low-temperature (25-95 °C) crystal-
lization of a synthetic Mg-clay, saponite. We describe the path-
way at the various sub-stages of the reaction, as we derived from 
high-energy X-ray diffraction, infrared spectroscopy and trans-
mission electron microscopy data. Our results reveal that saponite 
crystallizes via a two stage process: 1) a rapid (several minutes) 
co-precipitation where ~20 % of the available magnesium be-
comes incorporated into an aluminosilicate network followed by 
2) a much slower crystallization mechanism (many hours to days) 
where the remaining magnesium becomes gradually incorporated 
into the growing saponite sheet structure.  
1. INTRODUCTION 
Clays play an important role in global cycles of various ele-
ments e.g. iron, magnesium, potassium calcium and carbon,[EL5], 
[KC15], [EL4], [KC83] and are one of the main sources of Fe and Mg for 
vegetation. Swelling clays, in particular smectites. [KC17] , are 
the most common clays in natural soils and sediments. Apart from 
Al and Si, they also contain primarily K, Fe, Mg and Ca. These 
ions can be released into the biogeochemical cycles through plant-
driven fungal weathering.[KC110] [KC111] Furthermore, natural 
clays are used for many industrial applications, including cataly-
sis, waste storage and confinement, paper industries, oil drilling, 
foundry moulds and pharmaceuticals.[KC15], [KC17], [KC100]  
In this work, we are focusing on Mg-rich endmeber of smectites: 
saponite. In applications, saponite is well-known for its low fric-
tion coefficient [LB4], high surface area, [KC63], [KC64] [KC78] high 
cation exchange capacity [KC63], [KC64], [KC78] and catalytically active 
acidic surface sites. [KC123], [KC124, [KC125]. In a general sense, clay 
minerals are predominantly formed through the weathering of 
igneous aluminosilicate minerals such as feldspars, amphiboles, 
pyroxenes, felspathoids and olivine. These weathering processes 
are driven by fluid-rock interactions often with CO2-acidified 
aqueous solutions, hence they are also associated with carbonation 
reactions.[CO4]  Saponite in particular is known to form in deep 
sea hydrothermal vents, with water pressures up to 1.1 kbar. 
Importantly however, together with other phyllosilicates, saponite 
was also found in chondritic meteorites,[KC75],[KC103],[KC145] dwarf 
planet Ceres,[G19] and on Mars[G21], [KC38].hence in the enviri-
onments involving very scarce water amounts and by all means 
relatively low temperature/pressure conditions (< 100 °C). Thus, 
understanding the saponite formation processes (and akin clays) 
may provide insights into early Earth’s alteration processes. Nev-
ertheless, the laboratory synthesis of saponite and other smectites 
at the aforementioned mild conditions  is typically unsuccessful 
and most studies employ hydrothermal techniques.[KC18, KC100] In 
addition, the various synthesis routes often rely on the use of 
metal alkoxide precursors that absolutely do not exist in nature (e. 
g. aluminium, tri-isopropoxide, and tetraethylorthosilicate) instead 
of the metal salts.[KC100], [KC18]  
However, saponite as well as  a few types of smectites such as 
nontronite were in fact successfully synthesized at ambient condi-
tions from the inorganic and naturally occurring salts, provided 
that small organic molecules or 3rd ions were involved in the 
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processes. [KC49] , [KC69], [KC63], [KC112], [KC113] For instance, Schumann 
et al. [KC36] observed the saponite formation at 60 °C in the pres-
ence of the oxalic acid, and  suggested ta pivotal role of organic 
acids in the formation of clay minerals in carbonaceous chon-
drites. Baldermann et al. [KC113] observed that small fractions of 
Fe2+ stabilized the saponite structure at temperatures as low as 60 
°C. However, these procedures also involved the formation of 
brucite (Mg(OH)2) as a byproduct at high pH, which constituted a 
parallel competitive processes to the clay formation.[KC113] In this 
regard, the undesired formation of brucite was avoided by Vogels 
et al.[KC63] who separated saponite formation into two separate 
synthesis processes: formation  of  an aluminosilicate gel at high 
pH ≈ 13 ; followed by a saponite formation between  pH 7 and 8. 
The key aspect was that the aluminosilicate gel at high pH con-
tained 4-fold-coordinated Al aspecies,[D16] which at pH < 8 alu-
minium converted  predominantly to 6-fold-coordinated spe-
cies.[KA32], [KA31]  This step involving the precursor aluminosilicate 
gel, hence corresponds to scenario when saponite is formed from 
the natural aluminosilicate sources with 4-fold -coordinated Al3+, 
such as volcanic glass or olivine.[KC83], [KC15] During the second 
step of the synthesis urea (commonly occurring in nature) was 
added to hydrolyze magnesium ions in the solution. At elevated 
temperatures above 60 °C, urea decomposes via ammonium cya-
nate (NH4CNO) to CO2 (g) and NH3 (l).
[KC163] The slow release of 
ammonia leads to a controlled hydrolysis of magnesium that 
enables the formation of saponite, while avoiding a fast increase 
in pH and hence the precipitation of brucite.  
The synthetic route proposed by Vogel appears to be a plausible 
analog for the natural processes. Nevertheless, the mechanistic 
and structural details of the aforementioned processes are not well 
understood from the point of the crystal growth chemistry. For 
instance it not clear if there any intemediate solid phases (either 
amorphous or nanoparticulate) involved, and what limits the 
crystallization rate. Here, we demonstrate that the saponite’s 
growth includes an intermediate phase, as is evidenced by the 
high-energy X-ray diffraction data collected from the samples 
quenched at several stages of the reaction. These measurements 
are supported by the infrared spectroscopy and transmission elec-
tron microscopy analyses. Moreover, we performed the synthesis 
as a function of the magnesium content to determine the role of 
the hydrolysis of magnesium on the kinetics of saponite formation 
to determine which process was rate-limiting.  
 
2. MATERIALS AND METHODS 
Saponite clays were synthesized following a slightly modified 
two-stage procedure described in Vogels et al.[KC63] For saponite 
synthesis, following stock solutions were prepared using reagent 
grade chemicals and deionized water (18 MΩ): Na2SiO3 ∙5 H2O  
([Si] = 1.2 M, Sigma-Aldrich >95%), AlCl3 ∙6 H2O  ([Al] = 1 M, 
VWR, ACS), MgCl2 ∙6 H2O  ([Mg] = 1.2 M, VWR, ACS), urea (5 
M, Carl-Roth GmbH & Co, 99.5%), NaOH  (5 M, VWR, ACS) 
and hydochloric acid (2 M, Carl-Roth, 37% p.a.). A 0.4 M histi-
dine∙HCl stock solution was prepared by dissolving L-histidine 
(VWR, 99%) and hydrochloric acid in an equimolar ratio in de-
ionized water (DIW). Here, histidine was used as a buffer to avoid 
a fast pH decrease upon adding hydrochloric acid. As is explained 
in the introduction, urea was added to enable hydrolysis of sapo-
nite by a slow release of ammonia, while avoiding a fast increase 
in pH  A proposed reaction scheme is presented in the SI (Scheme 
S1). 
Step 1: An aluminosilicate gel with [Si]:[Al]:[OH] = 6.8/1.2/6.0 
was prepared by mixing 2.10 mL of 1 M AlCl3 and 2.10 mL 5 M 
NaOH solution (mixed, stirred until the solution was clear) and 
then added drop-wise to this mixture into 9.92 mL of 1.2 M 
Na2SiO3 solution under vigorous stirring, at room temperature. 
The mixture was heated for 1 h at 100 °C under a reflux conden-
ser to avoid water loss.  
Step 2: The aluminosilicate gel was cooled down to 25 °C in a 
water bath and diluted with 35.9 mL water to yield a total volume 
off  50 mL. In a separate bottle 8.40 mL 5 M urea; 8.75 mL of 1.2 
M MgCl2; 8.75 mL of 0.4 M histidine hydrochloride and 9 mL of 
2 M hydrochloric acid were all mixed and diluted with DIW up to 
50 mL. The mixture was poured into the diluted aluminosilicate 
suspension under vigorous stirring. The mixture was then neutral-
ized to a pH between 6.8 and 7.2, with roughly 1.5 mL of addi-
tional 2 M hydrochlorid acid and subsequently heated to 95 °C 
using a preheated oil bath (T = 100 °C) and a reflux cooler sys-
tem. Due to the fact that the suspension was not very stable at pH 
7 and 25 °C it was important to execute the mixing and pH neu-
tralization within ~10 min (i.e. the gel had to be fresh). Once the 
target temperature was reached (~ 15 min), the time was set to 0 
and the crystallization reaction held at this temperature for various 
time duration of time (5 min to 90 d). Afterwards, the suspensions 
were cooled to room temperature and then centrifuged (10 min at 
rcf ≈ 9.5 kG) to separate out the solids. The supernatant was 
discarded and the solids re-suspended in DIW. This washing 
procedure was repeated 3 times to remove any residual salts. The 
majority of the solid paste was placed into a desiccator to dry for 
4 d (10-30 mbar, 25 °C). For glycolization, selected dried solid 
and glycol were placed inside a desiccator kept at 60 °C and ~ 10 
mbar. By using the same approach, samples were also synthesized 
at 60 °C and 25 °C. In a separate set of experiments the Mg con-
centration was increased to yield a [Mg]:[Si] = 12:6.8, while 
keeping the total volume constant. 
The samples that were synthesized at several timescales, were 
characterized with, transmission electron microscopy (equipped 
with energy dispersive X-ray spectroscopy), Fourier transform 
infra-red spectroscopy, X-ray diffraction, high-energy X-ray 
diffraction and the cation exchange capacity was measured with 
methylene blue adsorption. The details as described in the SI: 
Supporting Materials and Methods. 
3. RESULTS AND DISCUSSION 
Saponite was synthesized in two separate reaction steps, i.e. (Step 
1) the formation of an amorphous aluminosilicate network, (Step 
2) the crystallization of an amorphous aluminosilicate towards 
saponite in the presence of magnesium and urea. Our preliminary 
observatons of the reaction in Step 2 suggested that the amor-
phous aluminosilicate gel reacted very fast at its surface with 
magnesium, but it did not not immediately crystallize to saponite. 
This reaction step was subdivided into two substages.  
3.1. Synthesis step 1: The formation of an amorphous alu-
minosilicate gel 
The gel that formed immediately after mixing the silicate and 
aluminate solutions, was composed of diffuse-looking spherical 
3 
 
aggregates/particles ranging in diameter from 50 to 200 nm as 
revealed by TEM imaging (Fig. 1a). These aggregates typically 
exhibited heterogenieties, with the cores being more electron 
transparent (brighter) compared to the rims. EDS analysis indicat-
ed that the brighter regions were depleted of Na compared to the 
darker rims (SI: Table S2). Furthermore, the aggregates were in 
overall depleted of Al with respect to the initial Al:Si ratio 
(1.2:6.8), indicating that the available Al was not stoichiometrical-
ly incorporated into the precursor aluminosilicate gel. Moreover, 
those aggregates did not contain any sharp edges, typically at-
tributable to crystal facetes., This morphology indicated that the 
material was amorphous as we indeed confirmed by the XRD 
measurment. The pattern showed only a broad maximum at  d = 
3.09 Å (Cu 2θ = 28.9°, α in Fig. 2, pattern I). This feature origi-
nated from the Si-Si and Si-Al distances common in amorphous 
aluminosilicates with dihedral Si-O-Si angles of 150° and the Si-
O and Al-O distances close to 1.60 Å. [XRD-8] [XRD-9] 
The FTIR absorbance spectrum of the precursor aluminosilicate 
gel (spectrum I in Fig. 3) was dominated by a strong antisymmet-
ric Si-O stretching vibration modes between 950 - 1250 cm-1 and 
rocking Si-O vibration modes at 445 cm-1.[IA13], [IA26], [IA29] Fur-
thermore, the band at 870 cm-1 is characteristic for SiOH/SO- 
stretch vibrations,[IA13], [IA35] while the broad peak at 704 cm-1 
stems from red-shifted symmetric [Si,Al]O4 vibrations, as e.g. 
observed for AlO4
- substituted SiO2 glasses and aluminosilicate 
minerals (e.g., sodamelilitie, albite and kalsilite).[IA33], [IA36] Final-
ly, the broad peak at 580 cm-1 likely originated from symmetric 
stretch vibrations of AlO6 octahedra (found in e.g. mullite 
[IA37] 
and jadeite.[IA36]) This vibration 580 cm-1 can also be found for in-
plane aluminosilicate vibrations (e.g., Si5AlO12 ) but these rings 
should also show clear vibrations at 750 - 850 cm-1, which are 
absent here. [IA08] In overall the broad vibrations in the FTIR 
spectrum of the aluminosilicate gel are consistent with the amor-
phous nature of this gel as suggested by the XRD. 
 
3.2. Synthesis step 2, sub-stage 1: Reaction of magnesium 
at the surface of the aluminosilicate.  
Immediately after the neutralization of the pH and addition of 
MgCl2 but prior to heating, small nanosized particles were formed 
at the surface of the aluminosilicate particles as revealed by TEM 
imaging (< 20 nm, Fig. 1b). In addition, a new broad reflection 
was observed in the correlation peak in the XRD pattern at d = 
3.77 Å, (Cu 2θ = 23.6°, β in Fig. 2, pattern III). This distance was 
too large to originate from any of the Si-O-Si/Al bonds,, but most 
likely indicated the onset of formation of the Mg-O bonds, which 
are larger at ~2.05 Å.[XX23] This is also supported by the fact that 
this reflection was absent in a sample of the aluminosilicate gel 
which was neutralized but not mixed with the MgCl2 solution 
(Fig. 2, pattern II).  
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Fig. 1. (a)-(d) Bright field TEM images of solids removed at different sub-stages during saponite crystallization: (a) precursor aluminosili-
cate gel; (b) 5 min after mixing MgCl2 and aluminosilicate gel at 25 °C; (c) after 4 h crystallization at 95 °C; (d) after 24 h crystallization at 
95 °C. (e) TEM image (with false-color intensity scaling) of 24 h/95 °C saponite dispersed in cured LR-white, with saponite stacks; (f) 
distance profile from sheets indicated by numbers 1, 2 in (e); (g) histogram of distances between sheets from 17 different particle stacks, 
which indicates an averaged interlayer distance of 1.3 nm. 
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Fig. 2. XRD patterns of synthesis products from the various sub-
stages of the crystallization step at 25, 60, and 95 °C; the reflec-
tions with  α and β refer to correlation peaks originating from 
metal-metal distances, i.e., α relates to tetrahedral metal cation 
distances (IVSi, IVAl) and β relates to octahedral metal cation 
distances (VIMg, VIAl); the peak marked with γ corresponds to a 
gibbsite impurity in the long-term synthesis products at 25 °C and 
60 °C. 
 
The FTIR pattern from a sample collected 5 min after mixing the 
precursor gel with the MgCl2 solution at 25 °C and prior to heat-
ing (Fig. 3, III), revealed a substantial change in the molecular 
bonds. Compared to the aluminosilicate spectrum (Fig. 3, I), the 
antisymmetric Si-O and Al-O vibrations broadened and shifted to 
higher wavenumbers (from 1015 to 1068 cm-1). This shift can be 
explained by an increase in dihedral angle of Si-O-Si bonds at a 
constant Si-O vibration force constant [IA13-15], [IA13], [IA13-23], [IA13-15-
1] The broadening phenomenon is characteristic for disordered 
silicate phases. [IA13], [IA13-23]  and is composed of two types 
of vibration modes: AS1 in-phase antisymmetric stretch modes 
(1000 - 1100 cm-1) and AS2 out-of-phase antisymmetric modes 
(1100 - 1200 cm-1) Thus, overall, the addition of magnesium 
seems to increase the dihedral angle of Si-O-Si bonds and/or leads 
to a more disordered structure enabling AS2 vibrations.   
 
 
 
 
 
 
Fig. 3. FTIR spectra of the amorphous aluminosilicate gel (bottom 
spectrum) and end-products, saponite, obtained after different 
crystallization times at 95 °C including one spectrum of a sample 
collected 5 min after mixing the aluminosilicate gel with the 
MgCl2 solution at 25 °C. All assignments are listed in SI: Table 
S1. Note that the two y-axes denote absorbance intensity ranges 
for two different parts of the spectra. 
3.3. Synthesis step 2, sub-stage 2: Crystallization of sapo-
nite. 
   After 4 h of reaction at 95 °C, the nanoparticle – gel mixture 
still contained mostly spherical aluminosilicate aggregates but in 
addition the sheet-like particles also appeared (Fig. 1c). After 
another 20 h (Fig. 1d), the original morphology fully disappeared 
and only the sheet-like morphology persisted. Thus, during this 
period, amorphous aluminosilicate was gradually transformed 
towards a layered structure as evidence by the 24 h/95 °C sample. 
We embedded this product in an acrylic resin, which allowed us 
to visualize and measure individual sheets (Figs. 1 e, f) and their 
stacks. The average sheet-to-sheet distance over 17 stacks of 
sheets was 1.37 ± 0.37 nm (Fig. 1g), which is consistent with 
typical interlayer distances for smectite clays.[KC36], [KC113]  
    The transformation of the material towards a smetite-type clay 
was also evidenced by the appearance and progressive growth of 
smectite-like reflections within the XRD pattern (Fig. 2, patterns 
IX-XIII). KC113], [KD10], [KC116] The asymmetric nature of the peaks 
with hk-indices (13;22) and (24;31;15) are indicative of substan-
tial turbostratic disorder, which involved both translational and 
rotational disorder in the stacking of the sheets on top of each 
other. [D15] Consequently, most diffraction peaks represent several 
overlaping hk indices (02;11), (13;22), (24;31;15), (06;33), 
(26;40) with many possible l indices, which are therefore not 
listed.[KC113], [KD10], [KC116] 
This type disorder is common in many smectite-type clays and is 
caused by the relatively weak Coulombic forces among the 
sheets.[D15] The (001) reflection was not observed in any of the 
dried samples (Fig. 1, I-XII), which indicated a large variation in 
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interlayer spacing. Only for the glycolized sample (Fig. 2,  XIII), 
did we observe a clear, yet broad (001) reflection at d = 17.4 Å 
(angle ...), which is characteristic for smectite-like clays with a 
interlayer charge z < 1.2 per [Mg;Al]6 [Si;Al]8O20(OH)4 unit. 
[KC116], [XRD1], [XCL1], [D15]. The position of the (06;33) reflection, 
corresponding to a spacing of d = 1.53 Å, is consistent with a 
distance between planes of the octahedral metal oxide-spacing of 
a trioctahedral clay structure. [KC116], [D15] 
At lower temperatures (25 and 60 °C) similar smectite type fea-
tures were formed (Fig. 2, III-VIII). However, the reaction kinet-
ics at reduced temperatures were clearly slower since the 4-hour-
pattern at 95 °C (Fig. 2, XI) had peaks of similar intensities as 
compared to the 1-y-pattern at 25 °C and the 32-day-pattern at 60 
°C (Fig. 2, V, all measured at the same conditions, and for the 
same amounts of solid). For long reaction times (1 y at 25 °C and 
≥ 32 days at 60 °C) a diffraction peak was present at 2θ = 17.9° (γ 
in Fig. 1, V and VIII), which most closely corresponded to a d-
spacing of gibbsite (value, reflection index ...) formed as a sec-
ondary phase in these long-term reactions. None of the patterns 
from the considered reactions  contained other secondary phases 
and specifically they did not show the presence of any talc and 
chlorite interstratifications. Furthermore, XRD measurements of 
the 1 y/25 °C and 32 d/60 °C (Fig. 1 V, VIII) revealed the pres-
ence of gibbsite as a byproduct, which most likely formed from an 
excess of dissolved VIAl3+ ions. Thus, saponite does form at ambi-
ent temperatures (< 95 °C), but with a lower fraction of IVAl3+ 
ions within the saponite lattice.   
We followed the transformation of the armorphous material 
towards a trioctahedral, 2:1 layered clay structure also by the 
FTIR spectroscopy. The spectra contained characterstic Mg-OH 
liberation modes 658 cm-1 and the acidic Mg-OH stretch vibra-
tions at 3680 cm-1  (Fig. 3). The shoulder at 1217 cm-1 of anti-
symmetric Si-O vibration modes diminished and the remaining 
peak narrowed due to a reduced variation in the dihedral Si-O-Si 
bond angle, and reduced contribution of AS2 modes due to an 
increased degree of structural order. [IA13-15], [IA13], [IA13-23], [IA13-15-1] 
The degree of IVAl substitution had also likely some effect on the 
position of the dominant νas(Si-O) mode, however the effect had 
been shown to be small in saponite compared to talc (both around 
1018 cm-1).[I19-FR] On the other hand, the previously reported 
comparison among several phylosilicates[I19-FR] suggested that 
geometrical and/or charge effects had a more pronounced effect 
on the position of the νas (Si-O) mode as compared to 
IVAl- substi-
tution. 
With increasing time many of the vibrations narrowed and the 
FTIR spectrum of the material synthesized after 19 d contained 
several vibration modes that were characteristic for a typical 
trioctahedral smectite (SI: Table S1): the MgOH perpendicular 
deformation (530 cm-1), the (Mg)OH liberation (658 cm-1) and the 
(Mg)OH stretch vibration (3680 cm-1). The (Mg)OH liberation 
was clearly red-shifted with respect to talc, which is characteristic 
for Mg-rich tricotahedral smectite clays: saponite and hec-
torite.[I19-FR] Apical AlO4 vibrations at ≈ 840 cm
-1 were not ob-
served, however this vibration is known to be rather weak and 
was only observed for highly-crystalline saponite synthesized at 
temperatures above 200 °C.[I17] The sample at 25 °C/1 y shares 
many spectral features with the one for 4 h at 95 °C, except for 
the increased absorbances at 580, 704 and 885 cm-1 in the former 
one. As mentioned above, the 580 cm-1 is associated with sym-
metrical AlO6 vibrations that may originate from a gibbsite impu-
rity as suggested by the XRD measurements.  
3.4. Detailed evolution of the local atomic structure upon 
saponite crystallization. 
More detailed information regarding the local environment of 
atoms was obtained from the HEXD measuements and their PDF 
analysis (SI: Fig. S2). The PDF of the final product after 19 d at 
95 °C (Fig. 4a, black pattern labeled with (I)) can be compared 
with simulated saponite profiles (Fig. 4a II-IV) as given in (Fig. 
4b).[XX23] In these PDF profiles the distance at 1.63 Å is associated 
with T-O distances, where T represents Al and Si cations tetrahe-
drally coordinated by oxygen.[XX23] This characterstic distance is 
typical for silicates and unsurprisingly was found in all our sam-
ples, 
The decrease in correlation intensity with increasing distances 
was more substantial for the experimental data compared to the 
simulated PDF of bulk saponite crystal. This effect can be ex-
plained by the fact that the synthesized saponite consisted of 
nanocrystals (Fig. 3d-e) and this effect is largely reproduced in the 
simulated profiles by introducing a limited particle size diameter 
of ~25 Å that suppressed higher distance correlations (Fig. 
4amIII). On the other hand many distance correlations of the 
experimental PDF were also present in the simulated curves (Fig. 
4a II-IV) except for the correlations at 2.38 and 3.66 Å. The dis-
tance at 2.38 Å matched Na-O distances pairs in crystalline tecto-
silicates (e.g., hydrosodalite, pitiglianoite and cancrinite[XX23]) and 
its intensity substantially decreased following transformation to 
more crystalline silicates (Fig. 4c). Based on TEM-EDS analyses 
(SI: Table S2) roughly a half of the fraction of sodium ions 
leached out within the first 5 min of reaction, which likely ex-
plains the first decrease in Na-O pair intensity.  For the longer 
reaction times, the tectosilicate-type Na-O pair intensity (at 2.38 
Å) further decreased, whereas TEM-EDS indicated that the Na 
fraction remained constant. This decrease is also present for the 
24 h sample but this distance actually increased further in the 19 d 
sample (SI: Tables S2 and S3). Consequently, the second decrease 
of the Na-O pair intensity can be associated with the rearrange-
ment of sodium ions into different lattice positions. Moreover, 
Na-O pair distances are probably larger for phyllosilicates as it 
was observed for instance for nontronite with Na-O pairs at dis-
tances in a range between 2.8 and 3.4 Å. [XX23] Thus, two effects 
coincide: at short reaction times sodium predominantly leaches 
out of the aluminosilicate gel, whereas after longer reaction peri-
ods sodium ions rearrange into interlayer positions. 
On the other hand, the distance at 3.66 Å most likely relates to 
a Na-T bond despite being larger than within typical tecto-
silicates (d(Na-T) = 3.40 Å).[XX23] However, this increased dis-
tance, can be expected due to the potentially larger Na-O-T bond 
angles (∠(Na-O-T) ≈ 131°) in disordered framework silicates 
compared to well crystalline tectosilicates (∠(Na-O-T) ≈ 115°). 
The distance at 2.68 Å correspond to O-(T)-O distances for both 
tecto- as well as phyllosilicates, and these intensities remain 
roughly constant in the course of the whole crystallization reac-
tion. Finally, the 2.06 and 3.38 Å distances are associated with 
Oc-O bonds and Oc-(O)-T distances of the modified saponite 
structure, where Oc represented octahedral metal cations, Mg and 
VIAl. The intensity of these distance correlations increases with 
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the increasing reaction time, which is likely a consequence of 
condensation of magnesium and octahedral aluminium into the 
aluminosilicate framework. Based on the simulated structures, 
next-nearest neighbors were assigned to correlations at given 
distances (Fig. 4a), which could be subdivided into in-plane corre-
lations at 3.04, 5.34 and 6.11 Å, and cross-diagonal plane correla-
tions at 3.47, 4.09, 4.78, 6.10, 6.99, 8.18 and 9.36 Å. 
 
 
 
 
Fig. 4. (a) PDFs of I) samples reacted for after 19 d at 95 °C (see more info also in SI, Fig. S2); II) simulated G(r) of a saponite struc-
ture,[XX23] with a modified stoichiometry (from SI: Table S3), and with cell parameters and  anisotropic displacement parameters optimized 
to the experimental data, while keeping relative atom positions constant; III) simulated G(r), nanocrystal size damping ~25 Å of curve (II); 
IV) simulated PDF pattern of a saponite sheet by placing the saponite sheet from II in a unit cell with an extended c-axis and consequently 
eliminating cross-correlations from neighboring sheets and sodium ions. For the sake of comparison, all simulated (II-IV) and measured 
PDF patterns (I) were normalized against the T-O peak intensity of a 19-d-saponite (I); (b) Simulated generalized type-II trioctahedral 
saponite structure[XX23]; (c) PDFs from measured total scattering curves of samples reacted at 95 °C for between 5 min to 19 d, including the 
PDF pattern of the precursor alimonosilicate gel. All simulated  and measured PDF patterns were normalized against the T-O peak intensi-
ty of the 19 d/95 °C  saponite. 
    The minor disagreement between the experimental data and 
the simulated PDFs of (modified) saponite nanocrystals (Fig. 4a 
III) indicates that the synthesized nanocrystalline saponite is 
slightly different from the idealized (high symmetry) structure 
(Fig. 4b). We hypothesised that this, might be due to variations in 
degrees of turbostratic disorder, which would be manifested in the 
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PDFs by the pair correlations among regularly stacked sheets. To 
explore this contribution we simulated a pattern of an isolated 
saponite sheet in a unit cell with a c-axis extended to 100 Å, while 
keeping absolute atom positions fixed (Fig. 4a IV). This simula-
tion revealed that in our data actually most of the observed dis-
tance correlations originated from atoms within the same sheet 
and the measured correlations were less dependent of the way that 
sheets were stacked on top of each other. Consequently, the re-
duced correlations in the saponite sample after 19 d of reaction 
(Fig. 4a I) when compared to the simulated sheet pattern (Fig. 4a 
IV) cannot fully be explained by turbostratic defects or reduced 
crystal sizes. Thus, the plausible explanation of this discrepancy 
may also need to consider defects within the sheet structure itself 
such as a ditrigonal distortion, cation substitution and/or cation 
vacancies as are also seen in other clay systems.[XRD5],[XRD5-
1],[XRD3],[XRD3-10]  
The presence of cationic substitution can be in fact verified by the 
determination of a chemical composition with TEM-EDS and by 
solving charge and mass balances equations (see SI: Supporting 
Data Analyses). Consequently, the fraction of 4-fold-coordinated 
IVAl3+ and 6-fold-coordinated VIAl3+ were estimated. The EDS 
measurements were carried out on two saponite samples synthe-
sized at 95 °C for 24 h and 19 d, accordingly. The 24-h-sample 
has a lower Mg (rMg) and a higher Si (rSi) ratios compared to the 
idealized composition: Na1.2[Si6.8
IVAl1.2][Mg6]O20(OH)4 (SI: 
Table S3). Moreover, the Na content and the cation exchange 
capacity (CEC) was lower as compared to the ideal composition, 
which suggested a reduced interlayer charge. This can be ex-
pected when aluminium partially occupies octahedral position 
(VIAl) and forms a type-II saponite as illustrated in SI: Scheme 
S2b, I. Moreover a partial VIAl occupation increases the fraction 
of available tetrahedral lattice positions for Si and decreased the 
fraction of available octahedral positions for Mg. This explains 
the increased Si and reduced Mg fractions in the Mg deficient and 
Si-enriched saponite sample (SI: Table S3) with respect to ideal 
saponite. Our measurements suggested a higher 6-fold-
coordinated VIAl content as compared to 4-fold-coordinated IVAl. 
Therefore, this structure accommodated some cation vacancies 
(VI□) to account for the cationic exchange capacity (since the 
sheets would have been positively charged otherwise). Conse-
quently, the estimated composition of the this saponite sample 
was found to be: Na0.16[Si7.55
IVAl0.45][Mg5.04
VIAl0.74
VI□0.23]O20 
(OH)4. In comparison to the 24h / 95 °C sample, the 19 d / 95 °C 
saponite sample contained an increased fraction of  IVAl3+, with 
estimated composition of: 
Na0.33[Si7.3
IVAl0.68][Mg5.3
VIAl0.56
VI□0.12]O20(OH)4. Both, the CEC 
values and chemical composition of the 19 d sample suggested 
that during aging the sample’s fraction of IVAl ions increased as 
compared to the 24 h sample; yet it still contained a substantial 
fraction of VIAl ions.                                  
Thus, our TEM-EDS results suggested that for the 19 d / 95 °C 
sample 10% of all octahedral positions were occupied by VIAl3+ 
ions. These ions have a reduced ionic radii of 0.54 Å (with respect 
to 0.72 Å for VIMg2+ [XX26]), and consequently the VIAl-O distance 
is smaller (e.g., 1.81 Å in pyrophylite[XX23]) with respect to the 
Mg-O distance (e.g., 2.05 Å in talc COD 1011152). This differ-
ence is substantial (~13%) and would likely induce strain related 
defects, which could explain the differences that were observed 
between the simulated G(r) of ideal saponite with respect to the 
observed G(r) patterns.   
3.5.  Reaction Kinetics and proposed mechanism of sapo-
nite formation. 
The change in the time dependent peak intensities of the XRD 
patterns at all temperatures provide a measure of the reaction 
progress parameter α for saponite formation (Fig. 5a). These time-
dependent trends were used to determine crystallization rates at 
the three tested temperatures (25, 60 and 95 °C). The reaction 
progress was best described by the first-order reaction rates (Fig. 
5a and SI: Table S4). Furthermore, by comparing  with the data 
from the experiments where the magnesium concentration was 
varied (Fig. 5a. 95 °C, Mg6 and Mg12), we can clearly state that 
the condensation of the magnesium to the aluminosilicate network 
is not the rate-limiting process (see also SI: Supporting Data 
Analyses). 
Similarly based on the time-dependent change in the PDF nor-
malized peaks intensities for Na-O (2.38 Å), Oc-O (2.06 Å) and 
T-(Oc)-T (8.18 Å) pairs (Fig. 5b) revealed that the intensity of the 
short-range correlations (Na-O and Mg-O) changed rapidly within 
the first 5 min. In contrast, the T-(Oc)-T pair at 8.18 Å only re-
veals a significant change after ~ 1 h of reaction similar to the 
other longer-range correlations (Fig. 4c). These trends indicate 
that the ordering and crystallization reactions proceed via a two-
stage-process. The first stage involves a fast re-structuring of 
short-range distances, where Na+ ions rearrange and [Mg2+∙ n 
H2O] condense into a disordered aluminosilicate network, which 
is completed within the first 5 min at 95 °C. The second stage is 
much slower and affect both short- and long-range atomic dis-
tances, which eventually leads to the formation of a layered sheet-
like structure, with the same symmetry constraints as hectorite. 
During the whole process ~20% of the Oc-O pairs is formed 
during the first stage and remaining ~80% during the second stage 
(Fig. 5b). Meanwhile, only ~15% of the Mg2+ fraction within the 
19 d sample was condensed to the aluminosilicate network within 
the first 5 min. The ~5%-difference between the Oc-O pairs and 
the condensed Mg2+ fraction is likely explained by octahedral VIAl 
ions that contribute to the measured pair distance at 2.06 Å. 
A closer look at the T-O distances (Fig. 5 c-I) indicates a subtle 
change of this correlation as saponite crystallized with increasing 
time. This can be explained by an estimated difference in the IVSi-
O and IVAl-O bond distances of 1.62 and 1.75 Å respectively. 
This bond distance rapidly decreased from 1.66 to 1.63 Å within 
the first 5 min of the crystallization reaction and subsequently it 
again slowly increased to 1.63 Å after 19 d. This change corre-
sponded to a rapid reduction of the [IVAl]/[T] fraction from 29% 
to 6 % followed by a slow increase to 11% throughout the remain-
ing time.  Meanwhile, TEM-EDS data revealed a similar trend 
(SI: Tables S2 and S3), firstly a fast decrease in the [IVAl]/[T] 
fraction from 12% to 6% within the first 5 min, followed by a 
slow increase up to 9% after 19 d. However, the 29% [IVAl]/[T] 
fraction in the initial aluminosilicate may be overestimated due to 
the fact that O2- ions in the TO4 have an increased cation coordi-
nation number compared to saponite (CN = 2.5). This difference 
corresponds to a 0.02 Å larger ion radius and 16% lower estimat-
ed percentage. Assuming a CN = 4 for O2- in aluminosilicates, 
results in an estimated [IVAl]/[T] fraction of 13%, which is much 
closer the 12% difference derived from the mass-balance calcula-
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tions from the TEM-EDS data (SI: Table S2). Both results clearly 
suggest a large amount of Al3+ dissolved in the first sub-stage of 
saponite formation, which then partly becomes incorporated 
during the second sub-stage of saponite formation. The number of 
charge-balancing cation vacancies likely decreases with an in-
creased number of charge balancing IVAl3+ that are needed to 
maintain the charge balance of the whole system (see SI: Support-
ing Data Analyses). Therefore, the slow incorporation of addi-
tional IVAl3+ during the second stage of the reaction is likely 
essential for the formation of thermodynamically more stable 
defect-poor sheets. This is in agreement with previous research by 
other authors [KC63],[KC97], which revealed that an increase of the 
VIAl/ IVAl – ratio leads to a reduced crystallite size.  
 
 
Fig. 5. (a) Saponite formation rates based on overall peak intensities of powder XRD at 25, 60 and for 95 °C at two magnesium ratios, 6 
and 12 per O20(OH)4, referred to as Mg6sap (stoichiometric) and Mg12sap (double the stoichiometric amount); (b) α and reaction progress 
based on distance correlations at 2.04, 2.38 and 8.18 Å corresponding to Mg-O, Na-O and T-(Mg)-T distances respectively; (c) I) detailed 
comparison between T-O correlations in the G(r) function for the precursor aluminosilicate gel and for the saponite after 5 min and 19 d at 
95°C respectively; II) position of the T-O correlation peaks and estimated fraction of IVAl in the tetrahedral positions ([IVAl]/[T]) at various 
reaction times during saponite formation at 95°C. First order reaction rate constants of time-resolved transition curves (a, c and d-II) were 
given in SI: Table S4; (d) Arrhenius plot based on reaction rates from the evaluated XRD intensities in (a)
 
During the first 5 min. at 95 °C, 70% of the Na-O bonds became 
rearranged (Fig. 5c) and TEM-EDS analysis (SI: Table S3) indi-
cated that ~ 50% of the Na ions remained present in the solid 
material. Thus, 50% of the original Na ions dissolved 20% rear-
ranged to different lattice positions and 30% remained at their 
original tectosilicate-like distances from oxygen. For the second 
stage, reaction rate constants were determined from the change in 
intensity of the Na-O, Oc-O and T-(Oc)-T correlation distances, 
and we found the best match when assuming a first order reaction. 
These reaction rates: k = 18, 7.0 and 11 ∙ 10-6 s-1 for Na-O, Oc-O 
and T-(Oc)-T respectively, are within an order of magnitude of 
each other and are close to the reaction rate constant determined 
from the XRD data (Fig. 5a). Furthermore, the Mg-O condensa-
tion and rearrangement of Na+ ions were likely limited by the 
slow rate of the sheet formation as indicated by T-(Oc)-T and  the 
increase in T-(Oc)-T correlates with the increase in [IVAl]/[T] 
ratios (Fig. 5d) during the second stage of the reaction. This indi-
cates that the sheet formation in saponite may be limited by the 
slow incorporation of additional IVAl3+ ions. After 24 h at 95 °C 
our TEM-EDS data revealed an increased IVAl3+ and Na+ ion 
concentration in the synthesized saponite (SI: Table S3) Thus, as 
the fraction of the incorporated IVAl3+ increases, the interlayer 
charge increases, allowing more Na+ ions to diffuse into the inter-
layer of saponite, which stabilizes its structure.   
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From the data in Fig. 5a-c we also estimated an activation ener-
gy of crystallization of ~100 kJ/mol (Fig. 5d). Similar activation 
energies were found for the transformation and hydrolysis reac-
tions in varying types of layered silicates, including: beidelite to 
illite/smectite transformation,[KC155] Na-montmorrilonite hydroly-
sis,[KC154] kaolinite to illite,[KC152] and the kaolinite to mullite 
transformations.[KC153] The activation energy in a range between 
80 - 120 kJ/mol was associated with the disruption of Si-O 
bonds.[KC158] Our results suggest that the fraction of IVAl3+ in-
creases during the progressive saponite crystallization. Since Al-
substitution involves disruption of silicate bonds, this Si-O-bond 
disruption may be one of the key rate-limiting processes of sapo-
nite formation. On the other hand, diagenetic smectite to illite 
transformation reactions are often described as needing a lower 
activation energies (in the range of 37-70 kJ/mol; .[KC157]) and as 
such those transformations are limited by ion exchange processes 
and not disruption of Si-O bonds.  
3.6 Proposed mechanism of saponite formation 
Based on all the data discussed above we can summarize the 
process of saponite crystallization (Fig. 6). Here, a precursor 
aluminosilicate gel is formed in Step 1 and is composed of mixed 
silica/alumina tetrahedra (Figure 6a: ▾,▾) and interconnected 
sodium ions (★), which are predominantly located at the outer 
(rim) regions of the gel. The gel is mixed with magnesium ion, 
which starts Step 2 of a multi-stage reaction:  
Step 2, sub-stage 1: <5 minutes ~15 % of the magnesium ions 
condense (Fig. 6b, ♦) within the aluminosilicate framework. From 
the available Al ions, 50% dissolve (⦁), 27% rearrange into an 
octahedral coordination (♦) and 23% remain in the tetrahedral 
coordination (▾); ~ 50 % of the strongly interconnected sodium 
ions (Fig. 6a, b: ★) leach into solution (⦁) and ~20% rearrange to 
different lattice positions (☀). Concurrently, the dihedral Si-O-Si 
angles and a change towards a more open, diversified and disor-
dered silicate network (see the antisymmetric Si-O vibration in the 
FTIR data).  
Step 2, sub-stage 2: at a slower rate, the atoms within the amor-
phous aluminosilicate slowly rearrange towards a brucite-like 
layered trioctahedral sheet structure and the remaining magnesium 
ions become incorporated within the structural framework. A bit 
counter-intuitvely, this incorporation of magnesium is not the 
rate-limiting step. The crystallization is in fact limited by either 1) 
disruption of the Si-O bonds which enables the incorporation of 
additional IVAl3+ ions (▾) and/or by 2) diffusion limited separa-
tion of the octahedrally coordinated Mg and Al cations (♦,♦) from 
the tetrahedrally coordinated Si and Al cations (▾,▾, Fig. 5b-d). 
Even after 19 d at 95 °C,the saponite sheets still contained many 
defects (as we learnt from  the calculated next-neighbor correla-
tions from a PDF data). Based on this proposed mechanism and 
the derived activation energy and reaction rates, we estimate that 
at 25 °C saponite would require at least 14 years to convert 95% 
of an precursor amorphous aluminosilicate to a trioctahedral 
saponite clay  
 
.  
 
Fig. 6. Schematics of the saponite crystallization: (a) AlSiOx 
precursor gel; (b) amorphous Mg-rich aluminosilicate gel, c) after 
4 h at 95 °C with initial layered materials growing at the bounda-
ry; (d) after 24 h with the majority of material transformed to 
saponite. 
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4. CONCLUSION 
Our results clearly document how saponite forms from a precursor 
aluminosilicate gel via an amorphous intermediate Mg-rich phases 
where 15% of the magnesium fraction reacts within 5 min at 95 
°C. This is followed by a slower crystallization to saponite, which 
takes more than 8 h at 95 °C. The magnesium concentration es-
sentially does not affect the rate of crystallization but the structur-
al arrangement to sheets seems to be the rate-limiting step in the 
crystallization reaction as evidenced by the delayed increase in 
sheet-related distance correlations compared to the Mg-O and 
VIAl-O distances. Hence, the process proceeds via a very fast  
formation of a Mg-rich amorphous intermediate that subsequently 
slowly reorganizes into a sheet-like structure of saponite.  
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 Supporting Reaction Schemes 
 
Scheme S1. Two-step synthesis scheme of the saponite synthesis:  Step 1 - formation of an aluminosili-
cate gel; Step 2 -  formation of saponite from the aluminosilicatate gel and magnesium ions. 
 
 
 
Scheme S2. Illustration how various Al3+ substitution mechanisms affect the charge balance of the trioc-
tahedral clay structures, where: (I) talc to type-I saponite substitution; (II) talc to stevensite substitution, 
(III-V) several type-I to type-II saponite substitution schemes: (III) trioctahedral, IV: dioctahedral and 
(V) mixed octahedral VIAl substitution). 
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 Supporting Materials and Methods 
Transmission electron microscopy (TEM):  
In order to image the particle size and morphology, a drop of the washed suspension was placed onto a 
Cu TEM grid and dried in the desiccator (10-30 mbar, 25 °C). To determine inter-layer distances within 
the synthesized material, an aliquot of the 24 h sample was embedded in an acryl resin (LR-White, Sig-
ma Aldrich). For this purpose 100 mg of the centrifuged sample material was dispersed in 1 mL of ace-
tone and mixed in an incubator for 24 h and centrifuged afterwards at 9000 rpm. This mixing step was 
repeated with 10/90, 30/70, 50/50, 30/70 10/90 and 100/0 resin/acetone mixtures. 6 μL of LR-white ac-
celerator (Sigma Aldrich) was added to 1 mL of a sample/resin mixture, and in a separate vial, 12 mg 
benzoyl peroxide (BPO) was dissolved in 1 mL of resin. The BPO/resin mixture was added to the sam-
ple/accelerator/resin mixture, stirred vigorously, and 10 μL of this mixture was dropcast onto a TEM 
grid and cured for 2 days in an oven at 60 °C.  
TEM images were acquired at 200 keV with an FEI Tecnai™ G2 F20 X-Twin microscope fitted with a 
field emission gun electron source, a Gatan Imaging Filter Tridiem™, an energy dispersive X-ray (EDS) 
analyzer, and a Fishione HAADF detector. From the EDS analyses the molar ratios: [Al]/[Si], [Mg]/[Si] 
and [Na]/[Si] ratios were evaluated and thus the four- to six-fold-coordinated aluminium molar ratios 
could be determined by solving mass-balance equations (see SI, Eqns. S1 – S5).  
X-ray diffraction (XRD):  
Diffraction measurements from the dried powders were performed with a PANanlytical Empyrean X-ray 
powder diffractometer, equipped with a Cu source. High-energy X-ray diffraction (HEXD) analyses of 
these same powders were performed at beamline 11-ID-B of the Advanced Photon Source (APS, USA) 
using energy of 58.677 keV and a Mar 2D image plate detector. For the HEXD, dried samples were put 
into Kapton capillaries and data was acquired in each case for 1 minute. An empty Kapton capillary and 
a CeO2 standard were measured for the background subtraction and calibration of the diffraction data. 
Data correction and azimuthal integration from 2D to 1D was performed using FIT2D.[XX27], [XX28] The 
PDF was generated by applying a rotation averaged Fourier transformation to the q-weighted data up to 
qmax = 25 Å
−1 with PDFgetX3[XPDF3]. The data was analyzed with the PDFgui software[XPDF4] to optimize 
lattice constants anisotropic displacement parameters. 
Fourier-Transform Infrared Spectroscopy (FTIR):  
The dried powders (1 mg) were mixed with cesium iodide (CsI, 350 mg, Sigma Aldrich) and pressed 
into tablets by using a uniaxial hydraulic press (98 kN, Carl Zeiss Jena). The tablets were measured in 
transmission mode on a Bruker Vertex 80v spectrometer, by using two beam-splitters (KBr and mylar) 
 to cover the full range from mid (M)- to far (F)-IR (4000 – 150 cm-1). The absorbance was measured 
with respect to a blank CsI tablet. The intensity of the FIR-region was normalized to the MIR region and 
baseline correction was done after merging both regions together. All spectra were normalized to the 
averaged intensity to eliminate sample weighting errors.        
Cation exchange capacity (CEC):  
To determine the CEC, 100 mg of dried solid samples were dispersed in 100 mL DIW, the pH was ad-
justed to 7 (2 M HCl) and the samples were left to equilibrate for 3 d at room temperature. In the second 
step 0.1 to 1 mL of dispersed sample aliquots were mixed with 100 µL of 2.5 mM methylene blue (99%, 
Fischer Scientific) solution, diluted to 10 mL and stirred at 1000 rpm for 2 hours. Afterwards, the solids 
were separated from the solutions by filtration through polytetrafluoroethylene syringe filters (0.2 µm). 
Before usage, the filters were washed three times with the sample/methylene blue mixture, to saturate 
the filters with methylene blue. Subsequently, the CEC was measured [V15]  by analyzing the samples 
spectrometrically over an integrated range between 650 and 675 nm (Fisher Scientific Evolution 220 
Spectrometer). A series of standards was prepared for calibration using the methylene blue solutions (1, 
2.5, 5, 7.5, 10, 12.5 µM).  
 
 
 
 
 
 
 
 
 
 
 
 
 Supporting Figures 
 
Fig. S1.  Simulated generalized type-II trioctahedral saponite structure derived from isostructural hec-
torite[XX23] and unit cell dimensions were taken from Suquet et al[XRD1] (except for hydrogen for which 
the positions were estimated). The structure was visualized in Vesta.[Vesta] 
 
Fig. S2. High energy X-ray diffraction patterns at various stages of the saponite formation process at 95 
°C. The simulated patterns in the main text were based on the hectorite structure from COD 9009802 
(Fig. S1) but with the stoichiometry adjusted to the type-II of saponite: 
Na0.33[Si7.3Al
IV
0.68][Mg5.3Al
VI
0.56]O20(OH)4, and the cell dimensions and anisotropy optimized to the 
experimental data (a = 5.3858 Å , b = 9.1625 Å, c = 10.7177 Å, and β = 96.894°), while keeping relative 
positions constant. The fit was further improved by applying a particle shape diameter 24.8 Å, which 
dampens higher distance correlations. 
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 Supporting Tables 
Table S1. FTIR assignments for precursor aluminosilicate gel, the starting amorphous magnesium pre-
cursor and the final saponite after 19 d of reaction at 95 °C. 
Peak position 
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Assignment(s) 
391   X ν  AlO6
[IA08]  
445 X X X b1
4  [Si2O7]
 [I19-FR]  ,  
b2
5  [Si2O7],
 [I19-FR] 
ν4 (a1)  [SiO4]
 [IA40-15],  
Si-O bending modes [I19-FR], [IA26]   
458  X X δT  (Al)OH, 
[IA40-15], [IA40], [I17] AlOH translation [I40-15], [IA40], [{I17] 
530   X ν6 (f2u) [Mg-OH]
   [I40-15], [IA40] perpendicular deformation [I40-15], [I17] 
580 X   νs Al
VIO6  
[IA5], [IA07] Condensed AlO6 octahedral 
[IA06] 
658   X δL (Mg)OH 
[I19-FR], [I20] MgOH liberation [I19-FR] 
681   X ν2 (a1) [SiO4]
  [I40-15], [IA12] 
a1
2  [Si2O7]
  [I17], [I19-FR] 
symmetric Si-O vibrations  [I40-15], [IA12] 
704 X X  νs [SiO4 ∙ AlO4] 
[IA36], [IA33] Associated with network νAlO4 substituted silicate glasses
[IA36] , [IA33] 
788  X  νs [SiO4]
[IA5], [IA26],   
870 X   νs  SiOH/SO
-   [IA13], [IA35] SiOH/SO- stretch vibrations.[IA13] [IA35]  
915  X X δ (AlVI)2OH 
[I20] [I19-FR] , [I19] OH bending from octahedral AlVI   [I20] 
1015, 1068 X X X ν3 (e1) [SiO4]  
[I40-15], [IA12] 
ν1 (a1) [SiO4] 
 [I40-15], [IA12] 
b1
1  [Si2O7] ,b2
2 [Si2O7] 
[I19-FR] 
in-phase antisymmetric Si-O and Al-O stretching modes (AS1) 
1130 X   δ (Si)OH [IA21]  
1217   X νas SiO4 
[I13], [IA26], [IA27], [IA13-23] out-of-phase antisymmetric SiO stretching modes (AS2)
 [IA13], [IA13-23] 
1410  X X δ NH4
+   [I17-13] NH4 bending
[I17-13] 
3000-3650 X X X ν OH (H2O) 
[I20] , [I17-13]  
ν NH4 
[I17-13] 
neutral hydroxyl stretch vibrations 
3590   ? ν (Si,Al)OH [KC63-r] acidic OH stretch vibrations[KC63-r] 
3680   X ν (Mg)3OH 
[I20], [IA5], [KC63-r]  
X = vibration is observed in spectrum.  
? = This vibration is likely present, but it is difficult to verify due to strong overlap with the neighboring vibration.  
 
 . 
Table S2. Composition of the amorphous precursor aluminosilicate gel (endproduct of Step 1) with  
molar ratios from TEM-EDX per [Si8-xAlx] unit and 5 min after mixing with the MgCl2 solution and 
initiation of heating . 
      AlSiOx (95 °C after 1 h) AlSiMgOx 
      
core 
 
rim 
 
total area 5 min after 
reaching 95 °C 
Na   0 0.88 (5) 0.35 (4) 0.17 (7) 
Si   7.39 (17) 7.04 (15) 7.15 (18) 7.58 (18) 
Al   0.61 (5) 0.95 (6) 0.85 (7) 0.42 (19) 
Mg      0.81 (17) 
O       27.9 (4)     26.8 (3)     27.4 (5) 21.6 (7) 
1) Number in between brackets represents an error margin of the last digit(s), which was 
based on standard deviation of three EDX measurements. 
2) All atomic ratios were normalized to rSi + rAl = 8. 
 
Table S3. Saponite composition produced at 95 °C after 24 h, and at 25 °C after 19 d with molar ratios 
from TEM-EDX and CEC per O20(OH)4 unit. 
Atom type Variable 24 h 19 d 
Mg  rMg      = 6-y-v      5.04    (17)      5.3     (4) 
Si rSi         = 8-x      7.55    (15)      7.3     (4) 
Na rNa       = z       0.16    (8)      0.33   (4) 
Al rAl         = x+y      1.18    (13)      1.25   (19) 
IVAl rIVAl     = x      0.45    (5)      0.68   (17) 
VIAl  rVIAl    = y      0.74    (8)      0.56   (11) 
□ r□      = v      0.23    (11)      0.12   (9) 
H2O rH2O   = n            2.1      (7)      2.8     (8) 
    
variable unit   
Mw (g/mol)      703     (9)      716    (10) 
CEC (mmol/g)      0.15    (2)        0.42   (2) 
CEC (mol/mol)      0.11    (2) 0.30  (2) 
1) Number in brackets represents an error margin of the last digit(s), which 
was based on standard deviation of three EDX measurements. 
2) All atomic ratios were normalized to obey Eqs. S1-S5 above, such that:               
rSi + rAl + rMg + r□ = (8-x) + (x+y) + (6-y-v) + v = 14.  
3) The molar H2O ratio was estimated from the O(K) EDX signal intensity 
 
 
  
Table S4. Table of reaction constants. 
Formation rate based on 
 
 k (10-6 s-1) 
XRD peak intensities Mg6 sap  at  25 °C 
Mg6 sap  at  60 °C 
Mg6 sap  at 95 °C 
Mg12 sap at 95 °C 
0.007 (3) 
0.19 (7) 
21 (4) 
23 (2) 
Intensities of PDF 
correlation distances 
Na-O        at d = 2.38 Å 
Oc-O        at d = 2.06 Å 
T-(Oc)-T   at d = 8.18 Å 
11 (1) 
7.0 (4) 
18 (1) 
Shift of PDF peak position T-O         25 (5) 
Error margins of the last digit are listed in between brackets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Supporting Data Analyses 
1. Calculation of the cation substitution schemes and mass-balances to determine lattice ion occu-
pations by TEM-EDX 
Saponite is a smectite type phyllosilicate mineral with brucite-like Mg(OH)2-layer in between two lay-
ers of six-membered silica tetrahedral, where two thirds of the OH- ions (in the brucite layer) are re-
placed by O2- ions. These O2- ions are interconnected with neighboring sheets of tetrahedral aluminosili-
ca (Fig. S1). The combined structure is a trioctahedral phyllosilicate-like talc, where practically all octa-
hedral positions are occupied (≫2/3). Some IVSi4+ are replaced by IVAl3+ ions, which leaves an excess 
negative charge that is counterbalanced by the metal cations in between the tetrahedral-octahedral-
tetrahedral (TOT) sandwich sheets (Fig. S1). However, some aluminum may occupy octahedral lattice 
positions as described in more detail below. 
Saponite can be subdivided (Scheme S2 I) to:  ‘ideal/type I’ saponite where the Al3+ solely replaces 4-
fold-coordinated IVSi4+ ions; and ‘non-ideal/type II’ saponite where Al3+ replaces both 6-fold-
coordinated VIMg2+ and 4-fold-coordinated IVSi4+. The 4-fold/6-fold Al ratio (IVAl/VIAl ) is known to 
increase for increasing reaction temperatures [XRD5-1] and decreasing water contents in the starting alumi-
nosilicate gel. [KC97] Moreover, isomorphous substitution of VIMg2+ by VIAl3+ may occur through two 
different mechanisms: trioctahedral or equimolar VIAl -substitution where every VIMg2+ is replaced by 
one VIAl3+ (Scheme S2 II); or a dioctahedral VIAl3+ -substitution where 3 Mg2+  ions are replaced by 2 
Al3+ and 1 vacancy (□) so that the structure shifts towards dioctahedral beidelite with cation vacancies 
(Scheme S2 IV). The catalytically active Bronstead or Lewis acid sites are formed in the presence of 4-
fold-O2--coordinated IVAl3+ ions that are substituted within the silicate layer. This makes them suitable 
for various synthesis processes including dehydration, isomerization, substitution and oxidation reac-
tions. [KC123], [KC124], [KC125] Moreover, the surface area and acidity of these layered silicates can be tuned 
by substitution of transition metal cations into the structure.[KC62], [KC63], [KC123]           
In the case of trioctahedral VIAl-substitution all octahedral cation positions remain occupied and the 
octahedral layer becomes positively charged (reducing the net negative charge of the TOT-layered 
sheet), whereas in the case of dioctahedral IVAl substitution the octahedral layer remains charge-neutral. 
Cation exchange measurements revealed a decreasing cation exchange capacity for increasing VIAl 
which supports the trioctahedral VIAl substitution mechanism. [XRD5] On the other hand saponite phases 
are known to exist with IVAl/ VIAl  ≪ 1 and exchangeable interlayer cations are only possible if the 
structure contains vacancies, since the TOT-sheet would otherwise be positively charged. Thus, both 
substitution mechanisms may occur in parallel leading to a mixed substitution mechanism (Scheme S2 
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V). The extent to which the Al3+ occupies either octahedral or tetrahedral positions plays a key role for 
the crystallinity, cation exchange, capacity and presence of catalytically active acidic sites. Ideally, Al3+ 
would only occupy tetrahedral sites, which are catalytically active and increase the cation exchange ca-
pacity; on the other hand octahedral Al3+ ions are catalytically inactive, which reduces the cation ex-
change capacity and leads to increased structural disorder.[KC97], [KC63], [XRD5-1], [KC63-r]  
For our experiments, the fraction of IVAl3+ and VIAl3+ was derived experimentally. Since, the structure of 
saponite is known (Fig. S1), and the atomic compositions were derived by TEM-EDX, the fraction of 
both tetrahedral IVAl3+ and octahedral VIAl3+ can be resolved by solving the charge balance, lattice posi-
tion balance and mass balance reactions. By assuming saponite has a composition as illustrated in Fig. 
S1, the following charge balance is derived:  
              (Eq. S1) 
Where z, v, x and y represent molar ratios of sodium ions, octahedral vacancies, tetrahedral IVAl3+ and 
octahedral VIAl3+ ions as illustrated by the saponite structure and substitution scheme (Fig. S1, Scheme 
S2). From its structure we can derive the following lattice position mass balances: 
    
    
 
   
   
   (Eq. S2)          
    
    
 
 
   
  (Eq. S3)                            
    
    
 
     
   
  (Eq. S4) 
The molar ratios: [Al]/[Si], [Mg]/[Si] and [Na]/[Si] were measured by TEM-EDX analyses of multiple 
samples and from this data the molar ratio for the tetrahedral aluminum positions, x, was estimated 
from: 
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      (Eq. S5) 
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2. Kinetic models of saponite formation: 
In order to study the effect of magnesium concentration on saponite formation we tested three possible 
scenarios to evaluate the dependency of the magnesium concentration on kinetic rates. Saponite was 
synthesized with two [Mg]/[Si] ratios: 60/68 (stoichiometric ratio) and 120/68 (double the stoichio-
metric ratio. In all three senarios, an aluminosilicate gel was formed prior to the formation of saponite. 
By assuming that the aluminosilicate gel has the same Na:Al:Si ratio as an ideal type-I saponite, its ide-
alized formation reaction can be written as: 
                   
               
                                              
     (Eq. S6) 
 
Scenario 1:  
Let us assume that aluminosilicate gel reacts with magnesium to saponite without intermediate phases 
according to the following equation (Eq. S7): 
                        
                                      
        (Eq. S7)   
Here, the atomic ratio in saponite is normalized against magnesium: Na0.2Al0.2Si1.13Mg1O3.33(OH)0.67 and 
all aluminum ions are assumed to occupy the tetrahedral positions. For the sake of simplicity we ignore 
the incorporation of 6-fold-coordinated VIAl3+ and ion vacancies. Since the aluminum concentration is 
small in comparison with the silicon and magnesium concentrations, and because saponite can also be 
formed with smaller aluminum fractions, we do not expect that the VIAl3+/IVAl3+ may have a strong ef-
fect on the reaction order. For an equimolar aluminosilicate-to-magnesium ratio, the rate of aluminosili-
cate depletion should be equal to the rate of magnesium ion depletion. Moreover, the high excess of urea 
concentration will not affect the reaction rate. Consequently, the rate of saponite formation, which also 
correlates with the rate of magnesium depletion, can be described as a second order reaction:  
 
           
  
   
 [    ]
  
                     
         (Eq. S8) 
However, several magnesium ions can react with a single aluminium silicate cluster, whose average size 
is probably larger than [Na0.2Al0.2Si1.13O2.67]. Consequently the reaction is more likely described by the 
following differential equation: 
           
  
   
 [    ]
  
      
                 
         (Eq. S9)   
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Here, m is the average number of magnesium ions that reacts with a single aluminosilicate cluster and n 
is the order of the reaction (n = m+1). Consequently, the progression of the saponite formation process is 
described by: 
  
             
             
  
         
             
 (  
√
 
(  
(         )
   
    
   
)
   ) (Eq. S10)  
In the above case, when magnesium ions reacts with aluminosilicate to saponite, either a second reac-
tion order (Eq. S8) or higher (nth) reaction order with n > 2 could be expected (Eq. S10).   
 
Scenario 2: 
In the 2nd scenario, we assume that the condensation of magnesium to a brucite (Mg(OH)2)-like layer 
before saponite could be formed, is the rate-limiting step according to the following reaction equations: 
                                                   
   (Eq. S11) 
In this case the brucite reacts with the aluminosilicate gel to crystalline saponite: 
                                                                (Eq. S12)
 
If we assume that brucite layer formation is the rate limiting step, then the rate of saponite formation 
becomes 1st order according to the following differential equation:  
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                 (Eq. S13) 
This results in the following rate of saponite formation: 
   
             
             
 
         
             
  (          )     (Eq. S14) 
 
Scenario 3: 
In the 3rd scenario we assume that magnesium immediately condenses with the aluminosilicate gel to 
form an magnesium aluminosilicate that remains amorphous, but it has the same stoichiometry as sapo-
nite according to: 
 
  
  
13 
                        
                                                                           
                       
(Eq. S15) 
This initial fast condensation is followed by a rate-limiting crystallization process:  
                                                    e     (Eq. S16) 
In this latter case, saponite formation also follows a 1st order process but it depends on the amorphous 
magnesium aluminosilicate concentration. Thus, the rate of saponite formation, , can be described by: 
   
             
             
 
             
             
  (          )    (Eq. S17)                         
In this case, an excessive magnesium concentration with respect to the constant aluminosilicate concen-
tration will not affect the initial amorphous magnesium aluminosilicate concentration [MgAlSiOx]t=0. It 
is reasonable to assume that the initial gelation (Eq. S15) is much faster than the final crystallization 
(Eq. S16). Consequently, the gelation will barely affect the rate of saponite formation. On the other 
hand, in the case of the brucite-layer limited reaction (scenario 2, Eq. S14), this step directly depends on 
the magnesium concentration. In such a case, excess magnesium would increase the rate of saponite 
formation.    
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